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• Operational data of 369 days were from MUCT process treating municipal wastewater.
• Relevance of population dynamics of clade-level Accumulibacter to EBPR was studied.
• Largest Clade IID was associated with good performance of EBPR under nitritation.
• Clade IID as dominant Accumulibacter performed denitrifying P removal via nitrite.
• Clade I of 5% existed under nitriﬁcation, and then disappeared under nitritation.
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a b s t r a c t
A modiﬁed University of Cape Town (MUCT) process was used to treat real municipal wastewater with
low carbon to nitrogen ratio (C/N). To our knowledge, this is the ﬁrst study where the inﬂuence of nitrite
accumulation on “Candidatus Accumulibacter” clade-level population structure was investigated during
nitritation establishment and destruction. Real time quantitative PCR assays were conducted using the
polyphosphate kinase 1 gene (ppk1) as a genetic marker. Abundances of total “Candidatus Accumulibac-
ter”, the relative distributions and population structure of the ﬁve “Candidatus Accumulibacter” clades
were characterized. Under complete nitriﬁcation, clade I using nitrate as electron acceptor was below 5%
of total “Candidatus Accumulibacter”. When the reactor was transformed into nitritation, clade I grad-
ually disappeared. Clade IID using nitrite as electron acceptor for denitrifying phosphorus (P) removal
was always the dominant “Candidatus Accumulibacter” throughout the operational period. This clade was
above 90% on average in total “Candidatus Accumulibacter”, even up to nearly 100%, which was asso-
ciated with good performance of denitrifying P removal via nitrite pathway. The nitrite concentrations
affected the abundance of clade IID. The P removal was mainly completed by anoxic P uptake of about
88%. The P removal eﬃciency clearly had a positive correlation with the nitrite accumulation ratio. Under
nitritation, the P removal eﬃciency was 30% higher than that under complete nitriﬁcation, suggesting
that nitrite was appropriate as electron acceptor for denitrifying P removal when treating carbon-limited
wastewater.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Enhanced biological phosphorus removal (EBPR) as an eco-
nomic and eﬃcient means has been widely applied in full-scale
wastewater treatment plants (WWTPs). For the treatment of mu-∗ Corresponding author. Department of Environmental Engineering, Beijing Uni-
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http://dx.doi.org/10.1016/j.chemosphere.2015.08.064
0045-6535/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article uicipal wastewater, lack of organic carbon source in raw wastewa-
er is becoming the limiting factor for biological nutrients removal.
enitrifying phosphorus removal implies that polyphosphate-
ccumulating organisms (PAOs) using nitrate or nitrite as elec-
ron acceptors instead of oxygen for poly-β-hydroxyalkanoates
PHAs) oxidation under anoxic conditions. It has been inten-
ively studied due to incorporating both nitrogen and phospho-
us (P) removal (Kuba et al., 1997; Carvalho et al., 2007; Zaﬁriadis
t al., 2011). Short cut nitriﬁcation-denitriﬁcation is deﬁned thatnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ammonia is oxidized to nitrite (nitritation), and then directly re-
uced to nitrogen gas (denitritation) (Hellinga et al., 1998; Zhu
t al., 2008). Compared with the traditional biological nutrients re-
oval, denitrifying P removal and nitritation/denitritation leads to
considerable saving in energy cost and carbon source. If nitrite
enerated from nitritation is used as electron acceptor for den-
trifying P removal via nitrite pathway, carbon sources and aer-
tion costs would be further reduced. Meanwhile, nitrite inhibi-
ion would also be eliminated. That is favorable for the treat-
ent of carbon-limited wastewater. Therefore, studies on popu-
ation structure of PAOs and the ability of PAOs to reduce ni-
rite are signiﬁcant to achieve denitrifying P removal via nitrite
athway.
At present, although PAOs employed in EBPR have not been
ultivated in isolation, culture-independent approaches identi-
ed PAOs primarily aﬃliated with the Rhodocyclus group in the
etaproteobacteria, and were named “Candidatus Accumulibacter
hosphatis” (Crocetti et al., 2000). Surveys from full-scale WWTPs
nd laboratory-scale reactors conﬁrmed “Candidatus Accumulibac-
er” are the dominant PAOs (Saunders et al., 2003; He et al., 2007;
eterson et al., 2008; He and McMahon, 2011a). Extensive research
as been carried out to investigate “Candidatus Accumulibacter”
icrobiology and ecophysiology with molecular tools. However,
isagreements evident in these studies, such as carbon metabolic
athway and the capability of “Candidatus Accumulibacter” to re-
uce nitrate, indicated “Candidatus Accumulibacter” diversity in
henotype and genotype (Oehmen et al., 2007; He and McMahon,
011a). The 16S rRNA gene is the most commonly used phyloge-
etic marker to investigate “Candidatus Accumulibacter” phylogeny.
et it cannot reveal ﬁne-scale differences within “Candidatus Accu-
ulibacter” since 16S rRNA is highly conservative (He and McMa-
on, 2011a). Polyphosphate [poly(P)] kinase 1 (PPK1) is the key en-
yme to catalyze intracellular synthesis of poly(P), which affects
AOs metabolic activity and performance of EBPR. The ppk1 gene
ncodes PPK1, which is a single-copy gene in “Candidatus Accu-
ulibacter” and evolves four times faster than 16S rRNA. And thus
t is a good genetic marker to reveal ﬁne-scale population structure
Martin et al., 2006; Kunin et al., 2008; He and McMahon, 2011a).
Based on ppk1 genes, “Candidatus Accumulibacter” is composed
f two types (I and II, respectively), each type consisting of a num-
er of clades (Clade IA, IB, IC, ID, IE, IIA, IIB, IIC, IID, IIE, IIF, IIG)
Peterson et al., 2008; He and McMahon, 2011a). Previous stud-
es based on ppk1-speciﬁc PCR primers and probes showed that
he enriched “Candidatus Accumulibacter” by synthetic wastewater
as mainly phylogenetically related to clade IA and IIA (He et al.,
010; He and McMahon, 2011b; Graciela and Christof, 2011), and
he “Candidatus Accumulibacter” from WWTPs was primarily aﬃli-
ted with type II (McMahon et al., 2007; He et al., 2008). Generally,
ab-scale reactors with synthetic wastewater showed a lower “Can-
idatus Accumulibacter” diversity than full-scale systems (He and
cMahon, 2011a). Studies regarding denitrifying P removal mainly
ocused on the capabilities of “Candidatus Accumulibacter” to uti-
ize different types of electron acceptors, i.e. oxygen, nitrite and
itrate (Carvalho et al., 2007; Flowers et al., 2009; Lanham et al.,
011; Zaﬁriadis et al., 2011), and operational control of denitrify-
ng P removal process (Wang et al., 2011), especially on nitrate re-
uction (Kim et al., 2013).Flowers et al. (2009) found that clade
A-enriched sludge could couple nitrate reduction with P-uptake,
ut clade IIA could not. Regarding the effect of nitrite, most of
esearches were related to nitrite inhibition on aerobic/anoxic P-
ptake of “Candidatus Accumulibacter” (Zhou et al., 2010, 2012).
ery limited studies were conducted on the nitrite reduction of
lade-level “Candidatus Accumulibacter”.
Studies on “Candidatus Accumulibacter” using ppk1 gene had
he following characteristics. Firstly, most of studies were about the
Candidatus Accumulibacter”-enriched culture using simply syn-hetic wastewater (Kim et al., 2010; Lanham et al., 2011; Kim
t al., 2013). The population structure of “Candidatus Accumulibac-
er” in synthetic wastewater was relatively simpler than that in
eal wastewater. Secondly, although surveys of “Candidatus Accu-
ulibacter” in full-scale EBPR plants were extensively carried out,
ludge samples were taken at certain operational condition. Due
o the restrictions resulted from operation and management of
WTPs, inﬂuencing factors can not be optionally changed to gain
good insight into “Candidatus Accumulibacter” dynamics. The
rocesses incorporating both nitrogen and P removal is commonly
equired in WWTPs, which is more complicated in microbial com-
unities and interactions than a sole EBPR system. Therefore, what
ominates the observed dynamics of “Candidatus Accumulibacter”
opulation structure is largely unclear. Lastly, regarding studies of
Candidatus Accumulibacter” denitrifying ability, nitrite or nitrate
s electron acceptor was externally added into a reactor at the
eginning of anoxic phase rather than generated from nitriﬁca-
ion process, which was different from real wastewater treatment
ystem. These characteristics above mentioned may restrict a gen-
ralization of knowledge obtained from previous studies to real
astewater treatment systems. However, very limited studies were
arried out regarding the dynamics of “Candidatus Accumulibacter”
opulation structure in the real wastewater systems with complex
nﬂuent composition, dynamic operating conditions and multiple
iochemical processes (Slater et al., 2010; Albertsen et al., 2012).
specially, to our knowledge, no study was reported regarding the
elevance of population dynamics of different “Candidatus Accu-
ulibacter” clades to the performance of denitrifying P removal via
itrite pathway in a real municipal wastewater system.
In a system coupling denitrifying P removal with nitritation, the
ynamics of types and concentrations of electron acceptor (nitrite
r nitrate) resulted from the transition between nitritation and
itriﬁcation will affect population structure of “Candidatus Accu-
ulibacter” and performance of EBPR. Therefore, this study aims
o (1) investigate the relevance of clade-level population dynam-
cs of “Candidatus Accumulibacter” to the performance of EBPR in
real municipal wastewater system, (2) reveal the mechanism of
nﬂuence of nitrite accumulation on “Candidatus Accumulibacter”
opulation structure and EBPR, and (3) achieve denitrifying P re-
oval via nitrite pathway from real municipal wastewater based
n the optimization of clade-level “Candidatus Accumulibacter” and
perational conditions.
. Materials and methods
.1. Experimental reactor and operation
Experimental system consisting of a MUCT reactor of 70 L and a
econdary settler of 24 L is shown in Fig. S1 in the supplementary
ata. The MUCT reactor was divided into seven chambers. The ﬁrst
our chambers with mechanical mixers were used as anaerobic or
noxic zones and the following three with air diffusers were used
s aerobic zones. The ﬁrst chamber provided an anaerobic zone for
-release and for inﬂuent. The second chamber was anoxic zone I
or denitriﬁcation of returned sludge from secondary settler with
recycle ratio of R1. The recycle ratio of mixed liquid from anoxic
one I to anaerobic zone was R2. The third and fourth chambers
ere anoxic zone II for denitriﬁcation of recycled nitriﬁcation liq-
id from the last aerobic chamber with a recycle ratio of R3.
.2. Wastewater and seed sludge
Municipal wastewater from a campus sewer line was pumped
nto a storing tank for sedimentation, and then fed into the re-
ctor. Table S1 in the supplementary dada shows the inﬂuent
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pcharacteristics. The average C/N ratio was about 3.0, and thus the
organic carbon source in raw wastewater was typically limiting.
Seed sludge was taken from a municipal wastewater treatment
plant using an anaerobic-anoxic-aerobic process in Beijing. Nitriﬁ-
cation/denitriﬁcation and phosphorus removal was performed well
in this WWTP without nitrite accumulation. The composition of
municipal wastewater treated in this WWTP is similar with that
used in this study.
2.3. Experimental procedure
The experimental data of this study were collected from day 43
to day 411 of the MUCT operational period (total 369 d) including
11 successive phases. Operational conditions throughout the exper-
imental period are shown in Table 1. During the phases I–V, the
temperature of wastewater and reactor was maintained at ambi-
ent temperature. During phases VI-XI, the reactor temperature was
controlled at 28 ± 2 °C by electronic heater and temperature sen-
sor. The 11 successive phases were divided according to operating
parameters, such as hydraulic retention time (HRT), sludge recy-
cle ratio (R1), anoxic recycle ratio (R2) and nitriﬁcation liquid re-
cycle ratio (R3). Changing these parameters aimed to achieve ni-
tritation and high nitrite accumulation. Phases I, II and VI aimed
to investigate the effect of HRT, DO concentration and wastewater
temperature on establishment of nitritation. Phases III, VII, VIII, IX
and X were in stable performance of nitritation. Phases IV, V and
XI were nitritation-destroyed period due to low wastewater tem-
perature and high DO concentration. Population structure of clade-
level “Candidatus Accumulibacter” and EBPR performance was in-
vestigated during the phases I-XI.
2.4. Analytical methods
Phosphate (PO3−4 -P), chemical oxygen demand (COD), ammo-
nia (NH+4 -N), nitrate (NO
−
3 -N), nitrite (NO
−
2 -N), mixed liquor sus-
pended solid (MLSS) and mixed liquor volatile suspended solid
(MLVSS) was measured according to the APHA standard methods
(APHA, 1998). Volatile fat acids (VFAs) were measured using Ag-
ilent 6890N gas chromatography (GC) with an Agilent DB-WAXetr
column (30 m × 1.0 μm × 0.53 mm). PHAs analysis was conducted
using Agilent 6890N GC with an Agilent DB-1 column. DO con-
centrations were measured on-line using DO meters (Mutil 340i,
WTW, Germany). Nitrite accumulation ratio (NAR) was calculated
according to the following formula 1:
NAR =
C
(
NO−2 − N
)
C
(
NO−2 − N
)
+C
(
NO−3 − N
) (1)Table 1
Experimental scheme of MUCT process treating municipal wastewater.
Phase Inﬂuent ﬂow rate
(L·h−1)
HRT (h) Sludge recycle
ratio R1 (%)
Anoxic re
ratio R2 (
I(43–57d) 6.67 10.5 100 100
II(58–86d) 8.75 8 100 120
III(87–121d) 8.75 8 80 120
IV(122–151d) 11.67 6 80 120
V(152–180d) 8.75 8 80 120
VI(181–219d) 11.67 6 100 120
VII(220–238d) 10.49 6.67 100 120
VIII(239–278d) 10 7 100 120
IX(279–318d) 11.67 6 100 120
X(319–372d) 12.72 5.5 100 120
XI(373–411d) 14 5 100 120here C(NO−2 -N) and C(NO
−
3 -N) is NO
−
2 -N and NO
−
3 -N concentra-
ion in eﬄuent of the last aerobic zone, respectively.
Fluorescence in-situ hybridization (FISH) was used to quan-
ify the relative abundance of PAOs to total eubacteria (Olympus
X61 ﬂuorescence microscope with Image-Pro Plus 6.0 software).
he 16S rRNA-targeted oligonucleotide probes for FISH analysis
ere EUBmix (an equimolar mixture of probes EUB338, EUB338-
I and EUB338-III) target for eubacteria and PAOmix (an equimolar
ixture of probes PAO462, PAO651 and PAO846) target for PAOs
Crocetti et al., 2000).
.5. Real-time quantitative PCR
The standard curves were established for quantiﬁcation of ppk1
enes of ﬁve “Candidatus Accumulibacter” clades in sludge samples
hroughout the operational period. The sludge samples were col-
ected from the last chamber of aerobic zone on day 43, 82, 119,
31, 160, 234, 255, 302, and 339. The oligonucleotide sequences of
he clade-speciﬁc “Candidatus Accumulibacter” ppk1 primers, “Can-
idatus Accumulibacter” and bacterial 16S rRNA primers are shown
n Table S2 in the supplementary data.
PCR reaction mixture with a total volume of 25 μl contained
μl DNA template, 12.5 μl GoTaq Green Master Mix (2-fold)
Promega GoTaq Green Master Mix, USA), 1 μl forward primer
10 mM), 1 μl of reverse primer (10 mM), and 9.5 μl of nuclease-
ree water. The PCR program used for “Candidatus Accumulibacter”
pk1 genes, “Candidatus Accumulibacter” and bacterial 16S rRNA
enes was as follows: 10 min at 95 °C, followed by 25–35 cycles
f 40 s at 95 °C, 60 s at T °C and 2 min at 72 °C, and a ﬁnal cy-
le consisting of 5 min at 72 °C. The annealing temperature (T °C)
f different “Candidatus Accumulibacter” clade is given in Table S2.
he plasmid in the positive clones was extracted and puriﬁed using
iniBEST plasmid puriﬁcation Kit (Ver.3.0, TaKaRa, Japan), and the
oncentration was measured with a spectrophotometer (NanoDrop
D-1000, Thermo, USA). Copy numbers were calculated based on
ass concentration and average molecular weight of the plasmid.
en-fold serial dilutions of known copy number were used as stan-
ard DNA. Quantitative PCR mixture was prepared in a total vol-
me of 25 μl using Brilliant II SYBR Green QPCR Master Mix kit
Agilent Technologies, USA). The quantitative PCR program except
cc-IID consisted of 3 min at 95 °C, 30–55 cycles of 30 s at 94 °C
nd 45 s at T °C, and a ﬁnal cycle of 30 s at 72 °C using a QPCR
nstrument (Mx3005P, Agilent Technologies, USA). The annealing
emperature (T °C) is given in Table S2. In order to eliminate the
mpact of primer dimer on clade IID quantiﬁcation, a 5 s hold-
ng at 84 °C was added after extension step in this study. The
emperature of this step (84 °C) was higher than melting tem-
erature of the primer dimer, but lower than the target product.cycle
%)
Nitriﬁcation liquid
recycle ratio R3 (%)
T (°C) DO (mg·L−1) SRT (d)
300 23–28 0.5 25 ± 5
300 23–28 0.5 25 ± 5
300 23–28 0.5 25 ± 5
300 18–23 0.5 25 ± 5
300 18–23 0.5 25 ± 5
250 28 ± 2 0.5 25 ± 5
250 28 ± 2 0.5 25 ± 5
250 28 ± 2 0.5 40 ± 5
250 28 ± 2 0.5 40 ± 5
250 28 ± 2 0.75 40 ± 5
250 28 ± 2 1.0 40 ± 5
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ihe quantitative results showed that four-step reaction effectively
liminated the effect of primer dimmer (Zhang et al., 2004).
. Results and discussion
.1. Dynamics of nitrite accumulation resulted from nitritation and
itriﬁcation
Dynamics of NO−2 -N, NO
−
3 -N concentration and nitrite accumu-
ation ratio (NAR) in the aerobic zone of MUCT reactor throughout
perational period are shown in Fig. 1. In this study, combining
ow DO concentration with short hydraulic retention time (HRT)
as the key method to improve nitrite accumulation and achieve
itritation. Previous studies veriﬁed that AOB have a stronger aﬃn-
ty with DO than NOB, and DO concentration of 0.5–1.0 mg/L is
enerally considered to favor nitritation establishment (Fux et al.,
006; Zeng et al., 2010). Thus, DO concentration was controlled
t 0.5 mg/L most of the experimental time. Based on low DO
0.5 mg/L) operation in phase I, the HRT of phase II was decreased
rom 10.5 h to 8 h. Although nitritation and nitratation are simul-
aneous processes, the short HRT is favorable for the growth and
nrichment of AOB, and thus NAR gradually increased. In phase
II nitritation was established and maintained for 35 d with an
verage NAR of about 60%. Whereafter, wastewater temperature
ropped to 18–23 °C due to seasonal changes in phase IV, lead-
ng to NAR decreasing. Even though HRT was further reduced to
h, NAR did not rise and the system was transformed to com-
lete nitriﬁcation in phase V. High temperature is one of the key
actors to establish nitritation. The SHARON process is a success-
ul full-scale application of nitritation/denitritation at high temper-
tures of 30–35 °C and SRT of 1.5 d (Hellinga et al., 1998). Yet in
he temperature range of 10–20 °C, high nitrite build-up can hardly
e maintained due to the speciﬁc growth rate of NOB higher than
hat of AOB. From phase VI, since wastewater temperature gradu-
lly rose coupled with short HRT of 6–7 h and low DO concentra-
ion of 0.5 mg/L, NAR ascended again and the system entered into
itritation state. In phases VII, VIII, IX and X, nitritation was stably
erformed for total 153 d with an average NAR of 95%. In phase XI,
O concentration was increased to 1.0 mg/L to improve ammonia
xidation, resulting in NAR descent.
.2. Effect of nitrite accumulation from nitritation on EBPR
erformance
The performance of EBPR, especially anoxic P removal in the
UCT reactor is shown in Fig. 2. Fig. 3 presents the variations ofFig. 1. Variations of NO−2 -N, NO
−
3 -N concentrations and niO3−4 -P concentration and PHAs along the reactor under nitritation
nd complete nitriﬁcation state. The average anoxic P uptake ac-
ounted for 88% of total P removal, indicating P was mainly re-
oved by denitrifying P removal in anoxic zone. Electron acceptor
s a key factor affecting the community structure of PAOs. Thus, the
opulation structure of “Candidatus Accumulibacter” in this denitri-
ying P removal reactor will be different from that in a traditional
BPR reactor using oxygen as electron acceptor. Due to transfor-
ation of nitriﬁcation and nitritation, the electron acceptors recy-
led to the anoxic zone for denitrifying P removal were varying,
.e. nitrite and nitrate as electron acceptor during nitritation and
itriﬁcation period, respectively. Therefore, this study focused on
he effect of nitrite and nitrate from nitritation and nitriﬁcation as
lectron acceptor on the population structure of “Candidatus Accu-
ulibacter”.
As shown in Figs. 2(a) and Fig. 3, the average anoxic P up-
ake accounted for 88% of total P removal under both nitritation
nd complete nitriﬁcation. That was resulted from the conﬁgura-
ion of MUCT process. Since raw wastewater directly enters into
naerobic zone, “Candidatus Accumulibacter” can fully utilize the
FA in wastewater to form PHAs coupled with P-release. The VFA
oncentrations in the municipal wastewater varied in a range of
0.5–45.3 mg/L with an average of 23.6 mg/L. The VFA was al-
ost exhausted in the anaerobic zone, coupled with PHAs up to
he maximum (Fig. 3). Then the mixture rich in phosphorus enters
nto anoxic zone, where a certain concentration of NO−2 -N or NO
−
3 -
is present and carbon source is insuﬃcient, providing a good
ondition for denitrifying P removal. Meanwhile, the PHAs content
bviously decreased, which was oxidized to generate energy for P
ptake and denitriﬁcation. As shown in Fig. 2(b), the average total
removal eﬃciency in each phase was 46.4%, 52.9%, 87.8%, 82.1%,
8.8%, 82.1%, 86.7%, 95.3%, 94.7%, 97% and 94.7%, respectively, pos-
tively correlated with the variations of nitrite accumulation ratio.
he average P removal eﬃciency in phases III and VII ∼ X with ni-
ritation was higher by 40% than that in phases I and V with com-
lete nitriﬁcation. The outcomes suggested that nitritation was ad-
antageous for P removal from carbon-limited wastewater. That is
ossibly due to the following two reasons. Firstly, nitritation was
erformed in phases III and VII ∼ X, and thus denitrifying P re-
oval was mainly by nitrite pathway. Under complete nitriﬁca-
ion state, about 5 mg/L of nitrate was detected in anoxic zone
, and it would entered into anaerobic zone by anoxic recycle R2.
hereas under nitritation state, no nitrate or nitrite was detected
n anoxic zone 1. Mean C/N ratio of tested municipal wastewater
as only 3, which hardly satisﬁed the demand of carbon source for
oth denitriﬁcation and P removal. Due to limiting carbon sources
n raw wastewater, PHAs formed in anaerobic zone were likelytrite accumulation ratios (NAR) in the aerobic zone.
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Fig. 2. Phosphorus removal in MUCT process.
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alimiting. In the case of complete nitriﬁcation, limiting PHAs and
carbon sources in raw wastewater resulted in incomplete denitri-
ﬁcation. Therefore, return of nitrate to the anaerobic zone led to
further consumption of carbon sources and decrease of PHAs for-
mation. As shown in Fig. 3(b), the stored PHAs (12.7 mg/g MLSS) in
anaerobic zone under complete nitriﬁcation was much lower than
those (18–23 mg/g MLSS) under nitritation. While under nitritation
state, PHAs was enough for nitrite reduction. Secondly, transfor-
mation between nitritation and complete nitriﬁcation led to vary-
ing of electron acceptor (nitrite or nitrate). Since “Candidatus Ac-
cumulibacter” has different capability to reduce nitrite or nitrate,
denitrifying P removal possibly ﬂuctuated under different nitrify-
ing types..3. Relevance of clade-level population dynamics of “Candidatus
ccumulibacter” to the performance of EBPR
FISH based on 16S rRNA-targeted oligonucleotide probes was
sed to quantify the relative abundance of PAOs to total eubac-
eria, and compare with the results of quantitative PCR based on
pk1-speciﬁc primers. The proportions of PAOs to eubacteria in ﬁve
ludge samples (on day 119, 131, 160, 255 and 339) were in a range
f 1.5%∼7.3% by FISH analysis. Yet 16S rRNA-targeted probes can-
ot reveal ﬁne-scale differences within “Candidatus Accumulibac-
er” due to its highly conservative mechanism (He and McMahon,
011a). Thus quantitative PCR based on ppk1-speciﬁc primers was
lso used in this study. The ampliﬁcation eﬃciencies of standard
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iurves of ﬁve “Candidatus Accumulibacter” clades were from 90% to
05%, and the correlation coeﬃcients were higher than 0.99, ensur-
ng the precise quantiﬁcation. The cell numbers of “Candidatus Ac-
umulibacter” and bacteria, and “Candidatus Accumulibacter” per-
entages were calculated based on an assumption that “Candidatus
ccumulibacter” contain 1 copy of ppk1 and 2 copies of 16S rRNA
ene, and bacteria contain 4.1 copies of 16S rRNA (Martin et al.,
006; He et al., 2007). The sum of the ppk1 abundances of the ﬁve
Candidatus Accumulibacter” clades was consistent with the quan-
itative results using 16S rRNA primers, suggesting that the ﬁve
lades can represent the total “Candidatus Accumulibacter” lineage
n this system.
Fig. 4 presents the fractional abundance of the total “Candida-
us Accumulibacter” lineage relative to the bacterial community
deﬁned as FAB) under different NAR and P removal eﬃciency by
uantitative PCR. The FAB from quantitative PCR was about 1%∼6%,
hich was close to the results of FISH analysis.
As shown in Fig. 4, the P removal eﬃciency was strongly re-
ated with NAR, and FAB had a clearly positive correlation with
O−2 -N concentration, indicating “Candidatus Accumulibacter” pri-
arily using nitrite as electron acceptor. During complete nitriﬁca-
ion period (phases I and V) with NAR below 10%, NO−2 -N concen-
ration was less than 1 mg/L, and the FAB was very low associated
ith poor performance of EBPR. On day 160 of phase V, the P re-
oval eﬃciency was only 22%. After phase V, with nitrite increas-
ng, the nitrate concentrations decreased to below 1 mg/L and NAR
as higher than 90%. During this period the FAB rose with the in-
rease of nitrite concentration, along with the improvement of P
emoval. On day 255 of phase VIII, the FAB reached 3.02%. When
oth nitrate and nitrite was simultaneously present, such as phases
I, III and IV, the FAB had the same varying trend with nitrite
oncentration. During phases VII, VIII, IX and X with average NAR
bove 94%, the average P removal eﬃciency was as high as 96.5%,
nd was not affected by FAB variations. Therefore, we assumed
hat NO−2 -N concentration may determine the relative abundance
f “Candidatus Accumulibacter”, and the NAR likely determined
Candidatus Accumulibacter” bioactivity and function. Those are
ossibly due to the following two reasons: (1) P removal was
ainly completed by denitrifying P removal in anoxic zone, and
hus the concentrations of nitrite or nitrate as electron acceptor
argely affected “Candidatus Accumulibacter” abundance, and (2)
ince organic carbon source in municipal wastewater with low C/N
atio was a key factor restricting P removal, denitrifying P removal
sing nitrite as primary electron acceptor during nitritation effec-
ively utilized carbon source in raw wastewater, and thus improved
Candidatus Accumulibacter” bioactivity and performance of EBPR.Fig. 4. Proportion of “Candidatus Accumulibacter” to total bacteria undehe NO−2 -N concentration was 4.16 mg/L, 6.84 mg/L, 17.3 mg/L and
.6 mg/L corresponding to day 234 of phase VII, day 255 of phase
III, day 302 of phase IX and day 339 of phase X with an average
AR above 94%, respectively. From day 234 to day 255, FAB as-
ended with the increase of nitrite concentration, and “Candidatus
ccumulibacter” abundance rose from 1.4 × 107 copies/(gVSS) to
.0 × 107copies/(gVSS). However, on day 302 of phase IX, nitrite of
igh level of 17.3 mg/L obviously caused inhibition on “Candidatus
ccumulibacter”, and FAB decreased to 1.04%. Yet on this day, the P
emoval eﬃciency was still high, thereafter a decline on P removal
as observed. That indicated the occurrence of nitrite inhibition
ollowed by decline of P removal.
Table 2 shows the fractional abundance of each “Candida-
us Accumulibacter” clade relative to the total “Candidatus Accu-
ulibacter” in nine sludge samples. According to the proportion of
ach clade to total “Candidatus Accumulibacter”, type II was much
igher than type I. Previous studies indicated that “Candidatus Ac-
umulibacter” from WWTPs was primarily aﬃliated with type II
McMahon et al., 2007; He et al., 2008), and type II could use ni-
rite rather than nitrate as electron acceptor (Flowers et al., 2009).
n this study, real municipal wastewater and continuous ﬂow pro-
ess was used, similar to WWTPs. Moreover, during the experi-
ental period of 369 d, nitritation had been operated for 304 d
ith high nitrite accumulating above 50%, namely a stable nitrita-
ion was achieved. Nitrite from nitritation was recycled into anoxic
one and could be used as electron acceptor by type II. Based on
he two reasons, type II became the dominant “Candidatus Accu-
ulibacter” varying from 90% to 100%, much more than type I.
mong type II, clade IID was the most dominant clade (>90%)
f “Candidatus Accumulibacter”. Compared with clade IID, clades
IA, IIB and IIC were negligible (<4%). Type I was veriﬁed to be
ble to couple nitrate reduction with P-uptake in previous study
Flowers et al., 2009). Since complete nitriﬁcation was performed
n phases I, V and XI, nitrate from nitriﬁcation could enter into
noxic zone and be used as electron acceptor by type I. As shown
n Table 2, besides clade IID, clade I was present and became the
econdly dominant “Candidatus Accumulibacter”. On day 160 of
hase V, NO−3 -N concentration was the highest (17.44 mg/L) and
itrite concentration was almost zero. Meanwhile, the proportion
f clade I reached the maximum (5.08%) throughout the experi-
ental period. Thereafter, the proportion of clade I descended with
ecrease of nitrate concentration. After phase VI (234 d), along
ith nitrate concentration below 1 mg/L, the clade I proportion
urther reduced, and almost disappeared in phase IX. Therefore,
e assumed that clade I used nitrate as electron acceptor for den-
trifying P removal, which was consistent with previous studiesr different P removal eﬃciencies and nitrite accumulation ratios.
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Table 2
Relative distribution of indicated clade in “Candidatus Accumulibacter”.
Samples Proportion of each clade to total accumulibacter (%) NO−2 -N (mg/L) NO
−
3 -N (mg/L)
I IIA IIB IIC IID
Day 43 (period I) 2.98 1.90 0.58 0.04 94.50 1.13 8.29
Day 82 (period II) 0.14 0.27 0.02 0.25 99.32 5.44 8.00
Day 119 (period III) 2.00 2.28 0.68 0.02 95.02 4.25 2.52
Day 131 (period IV) 0.02 0.06 0.00 0.04 99.88 5.67 10.85
Day 160 (period V) 5.08 1.54 0.38 0.03 92.97 0.91 17.44
Day 234 (period VII) 0.34 0.44 0.25 0.29 98.68 4.16 0.42
Day 255 (period VIII) 0.20 4.20 2.10 4.00 89.50 6.84 0.24
Day 302 (period IX) 0.05 0.36 0.07 0.09 99.43 17.31 0
Day 339 (period X) 0.03 0.10 0.08 0.17 99.62 8.60 0.64
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p(Carvalho et al., 2007; Flowers et al., 2009). Presence of nitrite was
disadvantageous for the growth of clade I.
Abundance of each clade of type II in the nine sludge samples
is given in Fig. 5. The abundance of each clade was strongly associ-
ated with nitrate and nitrite concentrations. Previous study found
clade IIA could not couple nitrate reduction with P-uptake (Flowers
et al., 2009), which suggested that clade IIA was able to use nitrite
rather than nitrate as electron acceptor. As shown in Fig. 5(a), the
abundance of clade IIA exhibited a clearly positive correlation with
the nitrite concentration, and was insensitive to nitrate. On day
302 with the highest nitrite level of 17.31 mg/L, clades I, IIB and
IIC almost disappeared. Although nitrites of 17.31 mg/L also made
clade IIA abundance dramatically reduce, declining range was the
smallest among all clades, indicating the clade IIA had a high tol-
erance to nitrite. Fig. 5(b) presents that clade IIB abundance was
very low when nitrate was present, and it ascended with the in-Fig. 5. Variation of each claderease of nitrite concentration when almost only nitrite existed.
herefore, clade IIB primarily used nitrite as electron acceptor, and
as sensitive to nitrate. Presence of nitrate was disadvantageous
or the growth of clade IIB. Fig. 5(c) shows that clade IIC was pos-
tively correlated with nitrite concentration, suggesting clade IIC
as able to use nitrite as electron acceptor. As shown in Fig. 5(d)
nd Table 2, the proportion of clade IID to total Accumulibacter
as the highest (above 92%), and the abundance of clade IID were
trongly correlated with the nitrite concentrations. Thus, clade IID
ould use nitrite as electron acceptor, and played an important role
or P removal in this study. Since the MUCT reactor had been op-
rated for a long period under nitritation state, high level of nitrite
ccumulation from nitritation resulted in clade IID able to use ni-
rite as electron acceptor dominant, ensuring stable performance
f denitrifying P removal. To our knowledge, this is the ﬁrst re-
ort regarding the clade IID as the dominant denitrifying P removalabundance of Type II.
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Zacteria in real municipal treatment system. Furthermore, poor
erformance of EBPR under complete nitriﬁcation state was likely
esulted from clade IID as the dominant “Candidatus Accumulibac-
er” unable to couple nitrate reduction with P uptake. Fig. 5 also
uggested that nitrite inhibition on all clades occurred when ni-
rite accumulation reached a high level (17 mg/L).
. Conclusion
Nitritation and denitrifying P removal via nitrite pathway could
e achieved by controlling DO concentration, hydraulic reten-
ion time and wastewater temperature. Real-time quantitative PCR
ethod using ppk1 as a genetic marker could reveal the relevance
f clade-level population dynamics of “Candidatus Accumulibacter”
o the performance of EBPR. Clade IID using nitrite as an electron
cceptor was always the dominant denitrifying P bacteria in the
ystem, ensuring the stable performance of denitrifying P removal
ia nitrite pathway. Very few clade I (below 5%) using nitrate as
lectron acceptor were present in the reactor under complete ni-
riﬁcation, and then gradually disappeared during nitritation.
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